Introduction
Facing increasing human-driven changes, several populations and species now experience a mismatch between locally adapted traits and novel conditions, leading to an increase in mortality, and a decrease in abundance [1, 2] . In response, many researchers seek to identify mechanisms that may allow species and populations to persist under changed conditions [3, 4] . As the primary mechanism for species persistence during environmental changes has been adaptation by natural selection, biologists have encouraged the integration of evolutionary ecology concepts into conservation biology [3, 5] . Despite being steeped in evolutionary theory, Conservation biology [6] has historically focused primarily on preserving neutral genetic variation [7, 8] , rather than evaluating adaptations which may prevent extinction. Preserving neutral genetic variation, however, ignores the possible link between phenotypes and demography which is potentially a major concern when protecting populations [9] . A growing body of evidence suggests that evolutionary rescue (henceforth ER), which does link evolutionary potential (genetic variation) to demographic change can occur in theory [10, 11] and in the laboratory [12] (but see [13] ). Nonetheless, it remains unclear whether ER is prevalent in nature, and under what circumstances evolution by natural selection may prevent extirpation or extinction despite environmental change.
The gravity of current environmental change and the risk it presents to species of conservation concern justifies the review of the evidence for ER in nature and a discussion of possible approaches for studying applied ER. Here, we first present the general requirements for ER. We then review the limited empirical research on this topic to assess its importance for persistence of wild vertebrates, with emphasis on species of conservation concern. We focus on studies of adaptive tracking and genetic rescue in vertebrate populations that provide convincing evidence that the mechanisms of ER can occur in nature. Finally, we discuss the application of ER in conservation and describe approaches available to study ER under field conditions.
Requirements for evolutionary rescue
Classically, ER has been considered a special case of adaptive tracking that is too slow to prevent an initial decline in population size. Documentation of ER requires three conditions. Initially, (i) there must be a decline in population growth (l , 1) owing to changes in the environment [10, 11] . Subsequently, (ii) the population will require a rapid change in the phenotype, either via selection-induced changes in the standing genetic variation or through novel advantageous mutations. Without a change in the phenotype the population will go extinct. With ER, (iii) a recovery in population growth should be observed. A population rescue could also result from within-generation changes in the phenotype owing to plasticity or other ecological factors [12] , and we refer to these as ecological rescues. Although the mechanisms underlying the change in phenotypic distribution differ between ER and ecological rescue, both result in a U-shaped temporal trend of population size [10] . A U-shaped trend might, however, not be evident in all the cases of rescue. Environmental changes may be gradual, persistent and directional, resulting in either adaptation which is sufficiently rapid [13] [14] [15] such that population fitness remains less than unity, or failure to adapt resulting in extinction. The U-shaped trend might also be masked by density dependence or other demographic processes that buffer population fitness in ER when environmental change is gradual or constant [16] . Here, we focus primarily on ER; however, in many empirical examples ecological and evolutionary mechanisms of response might occur together and disentangling their effects is probably tricky.
Evidence for evolutionary rescue in vertebrates
Genetic adaptations to drastic environmental changes have been reported in a number of taxa in natural conditions (bacteria [17] , plants [18] , mammals [19] , birds [20] and invertebrates [21] ; see also [22] for a review). It has been shown that evolution can occur on an ecological time-scale (see [5, 23, 24] for examples). Thus, ER could, in theory, be an important mechanism by which wild species can adapt to human-induced changes [25, 26] . Although ER is theoretically possible and has been shown to prevent extinction in laboratory studies [25] , we are unaware of similar examples in wild vertebrate populations. Arguably, the main reason why ER remains largely undocumented in nature is that obtaining data on both population dynamics and evolutionary changes is logistically difficult. Few studies have obtained the required data on genotype, phenotype and population parameters [27] , and none of these study populations faced extinction.
In this article, we argue that the best support for the potential for ER to aid population recovery in nature come from pesticide resistance in rats and biological control in European rabbits, adaptive tracking and genetic rescue. The next section ( §3a) discusses each of these cases and underlines their relevance for our understanding of ER.
(a) Anti-vitamin K resistance in rodents and biological control in rabbits
For rodent populations (e.g. Rattus norvegicus, R. rattus), the drastic environmental change consisted of exposure to antivitamin K pesticides (warfarin and bromadiolone) which caused mortality from lethal bleeding. Early warfarin use was presumed to have resulted in sharp declines in rat abundance (some evidence presented in figure 1a , although rat population data was unavailable prior to 1942). It was not long until individuals from rat populations thought to have been previously exposed to warfarin were observed with purportedly lower mortality rates upon re-exposure than naive populations (figure 1b) [29] [30] [31] . Adaptation was thought to have occurred partly because of selection on standing genetic variation and to the occurrence of up to six new mutations [32, 33] , which are preventing anti-vitamin K blocking [34, 35] .
Resistance to warfarin provides evidence that new mutation can rescue a population from new environmental constraint. Adaptation also allowed the European rabbit to 'escape' biological control in Australia. Here, the drastic environmental change consisted of exposure to the myxoma virus (genus Leporipoxvirus) [19] . Initially, the virus killed 99 per cent of animals infected [36] . The virus spread quickly across the continent leading to a marked decline in rabbit abundance (figure 2). As predicted from theory [39] , there rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120090
was rapid selection for a less virulent myxoma strain; one which caused a lower mortality rate (90%) and took longer to cause mortality [38] . In parallel, rabbits evolved resistance to myxoma. Laboratory experiments showed that individuals from previously exposed populations were able to recover from myxoma infection that was always lethal in naive rabbits [38] . Because it involved coevolution, the case of rabbits and myxoma virus is not as clear an instance of ER as the anti-vitamin K resistance in rats. The virus now constitutes a sustained environmental stress, mostly by decreasing juvenile survival [40] , but it is no longer an extinction threat for rabbits. Another example of environmental change for Australian rabbits is haemorrhagic disease virus from which the population has yet to recover to pre-exposure population sizes (figure 2) [41, 42] . These examples satisfy the three conditions of ER and support the contention that evolution can rescue wild populations from drastic environmental changes. However, while the ER concept has been proposed in a context where species are rescued from extinction [25] , these two examples involve very abundant and highly fecund mammals: not traits associated with most vertebrates facing extinction or extirpation.
(b) Adaptive tracking
Adaptive tracking is the response to gradual, rather than abrupt, environmental change in selection on standing genetic variation that offsets population decline (e.g. the characteristic U-shaped longitudinal trajectory is lacking). However, in contrast to the examples above, it only provides partial evidence for ER in nature. Adaptive tracking has been quantified in several long-term studies, including the Galapagos finches (Geospiza spp.) [43, 44] , great tits (Parus major) [45, 46] and red squirrels (Tamisciurus hudsonius) [47, 48] . These population have all tracked some form of environmental change, such as gradual and sustained climate change [46, 47] or abrupt, if not sustained, stochastic weather events [49] . Adaptive tracking, however, is only relevant to ER if being unable to track the environmental change leads to extinction. In the previous examples, there is no direct evidence that failing to track the environmental changes would have resulted in extinction. The demographic impacts of maladaptation are indeed rarely evaluated (but see [50] ). A case study comes from a pied flycatcher (Ficedula hypoleuca) population which appears maladapted to its changing environment [51, 52] . This population seems unable to fully track the changing phenology of their primary food source as a result of warmer spring temperatures. Flycatchers are unable to time their arrival date in the breeding grounds with the emergence of caterpillars. Consequently, the population has declined [51] and shows no sign of rescue.
(c) Genetic rescue
Perhaps the best evidence that ER can be an important mechanism for vertebrate population persistence come from genetic rescue (reviewed in [53 -55] ) that improves the fitness of local and often small populations by introducing novel genetic material, often through 'artificial' gene flow [54] . Unlike ER, however, genetic rescue does not always result from directional changes in mean phenotype. Instead, the novel genetic material may increase mean fitness by increasing heterozygosity and reducing inbreeding depression, with no change to ecologically relevant phenotypes. For genetic rescue, new alleles are typically drawn from standing genetic variation over a larger geographical scale than the target population. Artificial immigration risks diluting local adaptations and might lead to outbreeding depression (see [56] for discussion), several examples of genetic rescue have been deemed successful.
Most notably, genetic rescue has been credited with the restoration of populations of cougars in Florida (Puma concolor [55] ), bighorn sheep (Ovis canadensis [57, 58] ) and adders (Viper berus [59] ; figure 3 ). In all cases, populations were isolated and inbred. Deleterious alleles had reduced the reproductive success of individuals, leading to a decline in the population size. Because natural immigration was nearly impossible, researchers introduced novel genetic material by translocating individuals from other populations. Following admixture of local and introduced individuals, offspring production and survival increased, and populations recovered (see references above and figure 3). These examples illustrate the short time-scales (less than 10 years, which for bighorn sheep is approximately two generations) required [37] . (b) Changing mortality rate (%) for rabbit populations repeatedly exposed to myxomatosis. The significant decrease in mortality is often used as evidence of coevolution between host and virus. Adapted from Best & Kerr [38] .
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for 'new genes' to reduce genetic load and allow a population to increase. More importantly, they underline the importance for conservation of the link between genetically based traits and fitness (e.g. male dominance rank, lamb birth weight, breeding date, see [57] for details). As population growth is a function of the number of individuals that survive and reproduce, quantifying the effect of 'new genes' on the probability of persistence is critical to evaluate the population-scale consequences of changes in the distribution of adaptive traits. It should be noted, however, that the effectiveness of genetic rescue is reduced if deteriorating ecological conditions persist (see [61] for example).
Applications: the importance of evolutionary rescue in conservation
Evolutionary rescue is of fundamental importance in evolutionary biology, but is it relevant to conservation? If it is relevant, would its inclusion change the practice of conservation? Many accepted practices in conservation are partly or mostly aimed at avoiding the erosion of genetic diversity, including the protection of corridors to allow gene flow, sustain large population sizes and avoid artificial selection [62] . The question we address here, however, is whether ER may assist the conservation of species facing human-induced environmental changes, such as global warming, the introduction of exotic competitors or diseases, or habitat alterations. Although this question is of fundamental importance, so far only laboratory and theoretical work can be used to address it. For example, experimental research has suggested that in large populations, with minimal stochastic effects, ER will take approximately 25 generations [25] . As Bell & Gonzalez [25] underscored, exclusion of environmental stochasticity probably resulted in underestimation of the population size required for ER in variable environments. This was also emphasized by Willi & Hoffman [63] who documented population persistence using data from rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120090 laboratory populations of Drosophila birchii facing environmental change. Although ER was not observed as all populations eventually went extinct, larger populations nonetheless tended to persist longer because of lower stochasticity and greater genetic variation [63] .
Clearly, many factors will affect the time required for ER to occur, e.g. the extent of stress, standing variation, mating system. Here, we take the Bell & Gonzalez [25] [66] ). The contrast in the life histories of these species of conservation concern and Australian rabbits, where ER was documented, is striking. The rabbit, which can theoretically produce 11 litters per year [67] has one of the fastest lifehistories among mammals [68] . Predicted time to rescue may be as little as approximately 4 years [66] , although evidence from the attempted eradication of rabbits in Australia suggests that it may have taken 10 -12 years (figure 2). This very crude assessment suggests that for most vertebrates of conservation concern confronted with strong environmental stress, predicted time to ER could be long in the absence of large amounts of within-population genetic variation. Very few declining species, with typically small population size, reduced genetic variation and strong stochasticity are likely to persist for that long under stressful conditions, especially given that endangered species typically face multiple and interacting threats [56] .
Evolutionary rescue may be more probable when changes in the environment are gradual [16] , albeit what constitutes 'gradual' will be scale-dependent and relate to generation time of species. Gradual changes, such as climate change, require the mean population phenotype of a trait under selection to constantly track a moving optimal phenotype, creating an inevitable lag because traits are never perfectly heritable [15] . Theoretical studies suggest that a population's trait cannot adapt at rates more than 10 per cent of the phenotypic standard deviation per generation [13, 14] ; furthermore, a population with a large difference between its current mean phenotype and a new optimal phenotype will be less likely to adapt to stochastic events [69] .
The speed of adaption will greatly depend not only on the occurrence of new mutations but also on the standing additive genetic variation for adaptive traits and on constraints originating from genetic correlations among traits [70] . One could argue that the yeast used in the experiment [25] were evolving at a slow rate owing to lack of genetic variation resulting from use of bottlenecked populations with very low initial diversity and that 25 generations might not be a conservative figure. Some studies have even shown that evolutionary changes can occur within a generation in the field [49] ; whether similar tempo of evolution is common is still unknown. The number of genes controlling the expression of key traits will also impact the speed of adaptation.
Adaptation should be faster if strong selection is acting on oligogenic variation (see [71, 72] ) than if a number of genes affect the trait of interest. It is also becoming clear that phenotypic plasticity can lead to faster adaptive responses to environmental change [73, 74] . Plastic responses for a trait might reduce the fitness costs of environmental change and increase population persistence despite slow genetic change [73, 74] . For example, a review of human-induced rate of phenotypic changes concluded that changes are greater in human-disturbed contexts than in natural contexts, mainly through phenotypic plasticity [75] .
The practice of conservation biology requires a blend of natural and social science, because few conservation initiatives are likely to succeed unless they have public support. Suggesting a widespread role for ER in conservation may lead to a false sense of security about the ability of endangered species to adapt to human-induced environmental change. Many groups in society would welcome an adaptationist argument as a reason to ignore human-induced environmental change. For example, it has been suggested that polar bears (Ursus maritimus) in western Hudson Bay may 'adapt' to climate change by increasing their consumption of terrestrial prey and possibly hibernate more like brown bears (Ursus arctos [76] ). With a generation time of approximately 12 years [77] and accepting the estimate of 25 generations for ER (and also assuming limited additive genetic variation and plasticity), polar bears would require approximately 300 years to adapt. During those 300 years, the effects of climate change would have to be weak enough to allow the persistence of the population, and other anthropogenic threats would have to be eliminated. It is thus probable that, unless plasticity is especially effective in allowing adaptation, given the current population trend and unsustainable hunting quotas, polar bears will probably disappear from western Hudson Bay over a much shorter time-scale [77].
Future direction
It is unlikely that 'failed' ER studies would be published as anything other than examples of extinction or extirpation. As such, any species extinction can be considered an example of failed ER. Given the number of extinctions observed in recent years [78] , ER may be the exception rather than the norm. In this section, we discuss how to understand, test for and eventually predict evolutionary changes in the wild. To better understand the importance of ER for species persistence in a changing world, we require long-term studies with detailed information on genotype, phenotype, demography and population growth. As with other evolutionary changes, to understand the population level consequence of changing allele frequency we must know the links between the different levels of biological organisation illustrated in figure 4 . Below, we describe the advances in methods and approaches which can elucidate these links.
(a) The genotype-phenotype map A promising avenue to improve our understanding of adaptation to environmental changes (the basis for ER) is to better quantify the relevant genotype -phenotype relationships. To do so, one could explore cases of genetic rescue to detail the fate of newly introduced alleles in recipient populations rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120090 and identify which genes affect key quantitative traits subject to natural selection (as on the left-end side of figure 4 ). Application of quantitative genetics methods and of high throughput genomics highlights promising ways for understanding the genotype -phenotype relationship. For instance, the animal model [80] is now commonly used in the wild to estimate additive genetic variation, a critical component of the evolutionary potential of a trait. To our knowledge, no examples of the application of the animal model to ER yet exist; however, several authors have highlighted its potential [81] [82] [83] . High throughput genomic techniques with large sets of microsatellites loci and/or high-density SNP data provide helpful tools to achieve this objective [80] . For example, a recent study of bighorn sheep used 195 loci genotyped for 219 individuals and genomic positioning of loci on a linkage map to assess the effects of genetic rescue in this species [58] . The authors identified several genomic regions that probably affected fitness-related traits. Interestingly, a relatively small number of markers (30 loci) allowed predicting correctly the major effects of the rescue through their contribution to life-history trait variation [58] . Applying these techniques to understand the genetic basis of evolutionary responses to human-driven change will certainly help us understand by which mechanisms (e.g. plasticity, selection on standing genetic variation, mutation) rescue is more likely to occur.
(b) The phenotype -demography map
The second step in building knowledge on adaptation is to understand how genotype and phenotype affect the performance of organisms. The main approaches to explore these links are selection analyses [84] -as in the middle section of figure 4. Since the seminal book by Endler [85] , several studies have assessed the strength and variability of viability and fertility selection in the wild [86] . Clearly, it is unrealistic to monitor all possible phenotypes in anticipation of a catastrophic environmental change. On the basis of the available evidence from the many studies of natural selection, however, one could potentially target an a priori subset of phenotypes as possible candidates to evolve under the pressure of novel stress. For example, to persist through climate change, evolution or plasticity in phenological traits [21] are more likely to be important, while response to exploitation might lead to changes in morphology and lifehistory traits (bighorn sheep [87] , Atlantic cod, Gadus morhua [88] ). By understanding which traits are more likely to affect individual performance, one should be able to predict the population consequences of changes in genetically based traits.
(c) The demography -mean fitness map
To predict whether populations will recover after an evolutionary response to an environmental change, one needs to quantify the magnitude of these effects on population dynamics. Despite the formative role demography has played in the development of evolutionary theory [89, 90] , the development of approaches linking genotype and phenotype to vital rates and population growth is very recent [91 -94] . This has led to the emergence of the new field of evolutionary demography [95] , which builds upon the phenotype -demography map constructed for different stages in a population to estimate the proportion of variance in population growth that can be explained by changes in phenotype or genotype in the population of interest (as in the right-end of figure 4 ; [96, 97] ). Evolutionary demography studies will therefore be very helpful to parse the relative importance of ecological versus evolutionary changes for population growth.
It is impractical to map genotype -fitness for all species of conservation concern. What then are those who manage these populations to do? First, managers need to prioritize which links in the map are most relevant to their position in the conservation chain. For example, captive breeding programmes will probably try initially to map genotype -phenotype then phenotype -demography [98] . Alternatively, for exploited populations [99, 100] managers should first understand the phenotype -demography then the demography -fitness links. These links will inform which harvest practices will be least detrimental to population viability. For populations which are candidates for genetic rescue, the critical link to Figure 4 . A schematic of the knowledge required to improve our understanding of evolutionary changes and of the potential for evolutionary rescue to occur in the wild. This demographic framework shows how multiple alleles can interact to produce phenotypic traits. These phenotypic traits influence demographic rates and fitness (w). A factor that affects the links between genes and phenotypic traits includes the influence of the environment on gene expression (E G ). A factor that affects the link between phenotypic traits and demographic rates includes environmental effects on trait expression (E T ). Although many pathways exist, the dotted lines denotes one route from allele!trait!demographic rate!w. Reproduced from [79] with permission.
assess will probably be genotype-phenotype, focusing on life-history traits [54] . It is important to note that when the objective is to promote ER and species conservation, the cost of prioritizing some links in the genotype -fitness map will be failure to detect that ER has occurred, not failure for ER to occur. Ultimately, ER brings to conservation biology a focus on the link between evolutionary potential and demographic change, and reinforces that for populations the best defence to buffer against environmental stresses is to focus on maintaining sustainable population sizes, ensuring demographic stability, preserving genetic variation affecting life-history traits, and protecting and enhancing gene flow among populations.
Concluding remarks
Empirical knowledge on the occurrence of ER in nature is rare. It is thus difficult to generalize about its importance for conservation. Given that laboratory and theoretical evidence suggests that ER occurs mostly in relatively large populations in controlled environments, we argue that in most cases ER is improbable in species and populations targeted by conservation programmes. These populations are often small (,50 individuals) and have low genetic variation. Additionally, if the time required for beneficial mutations to establish themselves is more than 25 generations, then many vertebrates would require time-scales of over 100 years, which is less probable than their expected persistence time given the rate of anthropogenic change. As pointed out by Smith [101] , 'if a species died out because its members could not survive the immediate consequences of a meteorite impact, or because the island to which it was confined sank beneath the sea, no capacity for rapid evolution would have saved it'. Thus, ER is not a panacea for management and conservation. However, ER is a possibility for cases where additive genetic variation for adaptation is present, and thus may be a more prevalent mechanism to prevent common species from becoming uncommon. Additionally, the alleles which facilitate ER are more likely to result from standing genetic variation or through translocation of new individuals/genes than from novel mutations. As such, ER should enter the conservation biology toolbox; albeit not become a tool which permits adaptationist complacency. Ultimately, ER is a race between environmental and evolutionary processes. It seems clear that sometimes it can occur in nature, but the crucial question we must address is which one of these two forces is more likely to win in an increasingly changing world.
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